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Enhanced light-extraction from hierarchical surfaces consisting of p-GaN microdomes and SiO 2 nanorods for GaN-based light-emitting diodes Nitride-based light emitting diodes (LEDs) have drawn intensive research efforts due to their huge commercial success in various applications, such as displays, cell phones, and general lighting. 1 However, to further enhance the efficiency, challenges still remain. One challenge urgently needed to be overcome is to liberate trapped light inside the LEDs, which occurs due to the large difference in refractive index (n) between air (n ¼ 1) and GaN (n $ 2.5), causing considerable Fresnel loss and total internal reflection (TIR) at the abrupt interface.
2 It is unavoidable to have a portion of incident light reflected at a discrete interface between two mediums with different refractive indices, which is so-called Fresnel reflection. As for TIR, light escaping outward the semiconductor-air junction is totally reflected if the escape angle is larger than the critical angle, resulting in a significant reduction in light-extraction efficiency.
Among the strategies for improving light-extraction efficiency, implementing textured structures (either microstructures or nanostructures) on the LED surfaces is an effective approach for its simplicity, low cost, and fabrication compatibility. 3, 4 Concerning the "size" of the textured structure, the functionalities can be categorized into two types: (i) when the geometric dimension of the structure is comparable to or larger than the incident wavelength, the probability of light escaping from the LED is increased because of the multiple reflection in the structure. Examples include the employments of multilayered micropillars, SiO 2 /polystyrene microlens and polydimethylsiloxane microarrays on InGaN LEDs, and periodic microtexture on AlGaInP LEDs. [5] [6] [7] [8] (ii) When the structure feature is smaller than the incident wavelength, it could serve as an effective medium with gradient refractive index from semiconductor to air, thus efficiently enhancing light extraction and extending the critical angle. 9 Light-extraction enhancement based on such mechanism has been demonstrated on InGaN LEDs using ZnO nanotips, 10 Si nanotubes, 11 and GaN surface roughing. [12] [13] [14] A concept employing hierarchical structures combining both the large (microscale) and small (nanoscale) structures is expected to realize the optimal photon management for enhancing the light-extraction of LEDs and the light-trapping capability of solar cells. Such hierarchical structure could be achieved either by controlling the surface morphology to have different sizes in the vertical direction, or by fabricating nanostructures on the pre-etched micro-size substrates. [15] [16] [17] [18] These nano-to micro-scale surface modifications show impressive performance in optical response through merging the advantages of different feature sizes. However, as for the nitride LEDs, the employing of hierarchical structure is scarcely reported to date. 18 In this study, we utilized the hierarchical surface consisting of p-GaN microdomes and SiO 2 nanorods (NRs) to improve the light-extraction efficiencies of GaN-based LEDs. The microdomes serve as forward scattering centers and enhance the LED light output by 16.7% at 20 mA via soothing TIR effect and increasing multiple reflections. The implementation of SiO 2 NRs with a disordered tapered feature on the microdomes can further reduce TIR and Fresnel reflection by mitigating the abrupt index change at air/GaN interface. This hierarchical structure yields an excellent improvement of light output intensity by up to 36.8%. The results from the radiation profiles also show that the hierarchical surface structure leads to additional photons escaping from the air/device interface at wide ranges of angles, thus giving rise to enhanced light-extraction efficiency and viewing angles. Finite-difference time-domain (FDTD) simulations echo the experimental results by simulating the light propagation across the structured interfaces. Moreover, we show that the structure of p-GaN microdomes results in improved electrical properties of LEDs. The proposed concept in this study should benefit the development of nitride-based LEDs and many other optoelectronic devices. The epitaxial structure of LEDs was grown on c-plane sapphire substrates using metal-organic chemical vapor deposition. The device geometry consists of fifteen periods of In 0.15 Ga 0.85 N/GaN (2.4 nm/14 nm) multiple quantum wells (MQWs), sandwiched by a 2.5-lm n-type (Si-doped) and a 0.2-lm p-type (Mg-doped) GaN layers. Ammonia (NH 3 ), trimethylgallium (TMGa, for n-GaN and p-GaN), triethylgallium (TEG, for MQWs), and trimethylindium (TMI) were used as the precursors. Surface morphologies of p-GaN were controlled by TMGa flows and substrate temperatures. In recent years, studies had shown that roughening p-GaN could be performed by controlling the flow rate of TMGa 19 and the growth temperature 20 during the p-GaN growth. It was found that high flow rates of TMGa lead to the facet crystal growth mainly in the vertical direction due to the faster vertical growth rate than the lateral growth rate. Decreasing growth temperature tends to lower the lateral growth rate due to the fact that Ga atoms might not have enough energy to migrate to proper sites at low temperatures. For flat p-GaN, the TMGa flow rate was 40-50 lmol/min and substrate temperature was in the range of 950-1100 C; for p-GaN microdomes, the TMGa flow rate was increased to be more than 55 lmol/min and substrate temperature was decreased to be lower than 920 C. Fabrication of SiO 2 NRs is as follows. Ag (15 nm)/SiO 2 (450 nm) was deposited by electron beam evaporation onto the indium tin oxide (ITO) layers/p-GaN microdomes. A thermal annealing was then carried out in a furnace at 280 C for 2 min for segregating Ag nanoparticles through a self-assembly mechanism. Using these Ag nanoparticles as etching masks, the SiO 2 layer was patterned by the RIE process with CHF 3 gas (30 SCCM) and RF power of 90 W for 9 min. The vertically aligned SiO 2 NRs were obtained on the ITO/p-GaN microdome layer after removing the remaining Ag nanoparticles using HNO 3 solution.
Figure 1(a) shows the scanning electron microscopy (SEM) image of p-GaN microdome surfaces. The geometric dimensions of these p-GaN microdomes are 530 6 250 nm in height and 600 6 370 nm in diameter. To fabricate the hierarchical structure, SiO 2 NRs were formed on the p-GaN microdome surfaces. Figure 1(b) is the SEM image of SiO 2 NR/p-GaN microdome surfaces. As shown in the high-magnification SEM image in the inset of Fig. 1(b) , these vertically aligned SiO 2 NRs with disordered tapered tips are 400 6 100 nm in height and 100 6 50 nm in diameter. It is reported that subwavelength nanostructures with a disordered tapered feature can be considered as a homogeneous medium with a graded refractive index profile. 21, 22 In device fabrication, 200-nm-thick ITO was deposited by electron beam evaporation on p-GaN to form transparent Ohmic contacts. The 400 Â 400 lm 2 diode mesas were then defined by chlorine-based plasma etching. The contact scheme consists of fingered Ti/Al/Ni/Au metal grids with the thicknesses of 20/400/20/2000 nm deposited on the ITO and n-GaN. Note that the fabrication process of the SiO 2 NRs was carried out after the whole device fabrication of GaN LEDs, including ITO deposition on p-GaN and Ti/Al/Ni/Au metal grids on the ITO and n-GaN by electron beam evaporation. Therefore, the presence of SiO 2 NRs on the top of ITO and Ti/Al/Ni/Au metal grids does not negatively affect the current injection of GaN LEDs, which is the advantage of this light extraction scheme.
Three types of LED surfaces were compared in this study, namely, flat surfaces, p-GaN microdomes, and hierarchical surfaces consisting of SiO 2 NRs and p-GaN microdomes. The I-V characteristics of those LEDs are presented in Fig. 2(a) . The forward voltage measured at 20 mA is approximately 3.23 V for the flat device. With surface modification, the forward voltages are reduced to 3.17 V and 3.21 V for the devices with p-GaN microdomes and hierarchical surfaces, respectively. The decrease in forward voltage is mainly attributed to the increase in contact areas due to the roughened surfaces, which is confirmed by the dynamic resistance, where the resistance of the roughened LEDs (10.8 and 11.6 for the LEDs with microdome and hierarchical surfaces, respectively) are lower than that of the flat LED (14.1). Note that the leakage currents of the LEDs with microdomes and hierarchical structures are at the same level as that of the flat LED ($10 À5 A at À5 V), demonstrating the feasibility of the fabrication process for hierarchical surfaces consisting of microscale and nanoscale structures. These values are much lower than the previous result (10
À3
A at À5 V) using top-down etching techniques, indicating the lower power loss of GaN LEDs by our etching-free fabrication method. The electroluminescence (EL) spectra at 20 mA for the blue (k ¼ 460 nm) LEDs are presented in Fig. 2(b) . The slight blue shift (3-4 nm) of the surface-roughened LEDs could be attributed to the release of lattice strain during the fabrication of microdomes. 13 Figure 2(c) displays the light intensity as a function of injection current (L-I curve) for the three types of devices. From the L-I curves, it can be seen that the lightextraction enhancement of the hierarchical structure becomes greater at high injection current. Compared with flat LEDs, the emission intensities of the LEDs with microdomes and hierarchical structures have been amplified by 16.7% and 36.8% at 20 mA, respectively. The External Quantum Efficiency (EQE)-current characteristics in Fig. 2(d) were examined by varying the input current and measuring the output light power of the LEDs in an integrating sphere. With 20 mA injection current, the EQE of the three devices are around 9.45, 17.58, and 21.04%, respectively. As compared to the flat LEDs, the LEDs with microdomes and hierarchical structures show an enhancement of 86.1% and 122.7%, respectively. The amplifications of the two textured surfaces are due to the improved light extraction caused by roughened morphologies. [23] [24] [25] For LED with flat surfaces, light generated in MQWs goes through p-GaN and then encounters the flat interface between p-GaN and air. A considerable portion of the incident light is reflected back into the semiconductor due to TIR and Fresnel reflection. For microdome LED, multiple reflections occurred within round-shape microdomes increase the probability of photons escaping from the devices. For the hierarchical surface, TIR and Fresnel reflection can be further suppressed by adding consecutive layers of SiO 2 NRs, which serves as an intermediate medium capable of mitigating the abrupt index change. Since light scattering is generally increased on a roughened surface, the viewing angles of the LEDs with microdomes or SiO 2 NR/microdomes are expected to be increased, which will be demonstrated and discussed later. In a short summary, the LEDs with hierarchical surfaces result in higher light-extraction efficiency than flat and microdome LEDs.
To gain insight into how the hierarchical structures boost light-extraction efficiency, a simulation based on the FDTD method is performed. The FDTD analysis was carried out using a commercial software package (RSoft CAD) to simulate the interaction of electromagnetic waves and LED devices for gaining insight into the light propagation across the hierarchical structure interfaces, through which the light extraction effect and the hierarchical structures can be correlated (see supplementary material 26 ). Figures 3(a)-3(c) visualize the time-averaged TE-polarized electric field intensity distributions, |E y |, for InGaN LEDs with different surface conditions at 460 nm wavelength. Note that the calculated values are normalized according to the excitation source. Compared with the flat LED shown in Fig. 3(a) , the LED with p-GaN microdome surfaces exhibits strong light emission as shown in Fig. 3(b) , indicating that the light-extraction efficiency could be enhanced via soothing the TIR effect. Moreover, the employment of SiO 2 NRs/p-GaN microdomes further strengthens the outward light intensities as shown in Fig. 3(c) . The improvement of light extraction can be supported by the observation of less reflected light within devices. As mentioned early, this improvement is mainly attributed to the subwavelength SiO 2 NRs, which produce a refractive index gradient from the device to air. Figure 3(d) shows the normalized optical power as a function of time for the three kinds of LEDs. Steady-state values for the three devices are 0.647, 0.693, and 0.791, respectively. Compared with the flat LED, the enhancement in optical power for the two textured LEDs are 7.1 and 22.3%, respectively. This indicates that these textured structures can increase the number of the photons leaving LEDs. It should be noted that in the simulation schemes we have applied periodic micro-and nanostructures for simplicity, while in the practical case the hierarchical structure is randomly arranged. Accordingly, this might also affect the light extraction effect. As a short summary, the FDTD simulations qualitatively demonstrate the superior extraction capability of our hierarchical scheme, and the enhancements from the simulation are consistent with results acquired from the experiments. Briefly, the implementation of hierarchical surfaces in GaN LEDs not only boosts the field intensity through eliminating the TIR effect but also helps light propagation by avoiding the abrupt index at the interface. , respectively. Here the definition of viewing angle is the angle with half intensity with regard to the maximum value. Wider emission cone of the LEDs with NRs/microdomes is in agreement with the simulation results shown in Fig. 3(c) , confirming the excellent light-extraction abilities of the hierarchical surfaces consisting of NRs/microdomes. 27 The result demonstrates an effective approach for the enhancement of light extraction with an increase in radiation profile width. This Lambertian light emission is beneficial to the applications in general lighting.
In summary, we fabricated the LEDs with the hierarchical structure consisting of p-GaN microdomes and SiO 2 NRs. This hierarchical micro/nanoscale surfaces enhance light output intensity of GaN LEDs at 20 mA by up to 36.8%, as compared with flat LEDs. This is because the microscale roughness of p-GaN microdomes and additional graded refractive index provided by SiO 2 NRs considerably sooth TIR and Fresnel reflection effects, leading to an increase in the light-extraction efficiency of LEDs. Presented concept and manufacturing technique of surface roughening would be a viable way to enhance the light-extraction efficiency for LEDs.
